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ABSTRACT: Electron spin resonance (ESR) was applied to estimate the segmental dynamics of poly-
(cyclohexyl methacrylate) (PCHMA) and poly(cyclohexyl acrylate) (PCHA) in their miscible blend. The
PCHMA and PCHA chains were labeled with nitroxide radicals, and the temperature-dependent ESR
spectra of the spin-labels selectively reflected the segmental dynamics of the labeled chains in the blend.
The ESR result showed different mobility between PCHMA and PCHA chains even though their blend
showed a single glass transition in any composition by a calorimetric measurement. The WLF treatment
demonstrated that a transition temperature, Tsomt, at which the extreme separation width due to “N
anisotropic hyperfine splitting was 5.0 mT, reflected the glass transition observed at a frequency of the
ESR. The Tsomt 0of poly(CHMA-random-CHA) was dependent on the composition; namely, the mobility
of the spin-labels was sensitive to the composition around them. The self-concentration model suggested
by Lodge and McLeish [Lodge, T. P.; McLeish, T. C. B. Macromolecules 2000, 33, 5278] was used to
interpret the segmental dynamics of the PCHMA and PCHA in the blend estimated by the ESR. The
Lodge—McLeish model provided the excellent prediction of the segmental dynamics of the PCHMA in
the blend. The segmental dynamics of the PCHA chain in the blend was also explained well by the Lodge—
McLeish model although the experimental values were slightly higher than the predicted ones. The
mobility of the nitroxides labeled to the PCHA chains might be restricted by the rigid PCHMA component
in the blend. These results imply that the dimension of a region observed by the ESR method is comparable
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to the cube of the Kuhn length suggested by Lodge and McLeish.

Introduction

Spin-probes and spin-labels have been widely used
to obtain information about relaxation process in poly-
mers. The ESR spectrum of the nitroxide radical is a
function of its rotational motion and is sensitive to the
mobility of the nitroxide. It is well-known that the
mobility of the nitroxide radicals is related to the
dynamics of the host polymer.1=12 The spin-label tech-
nique is useful to detect molecular mobility and envi-
ronments in particular sites or regions of host polymers.
Recently, the spin-label technique was applied to detect
the local molecular mobility in homopolymers, block
copolymer, and random copolymer, for instance, the
chain ends, interfacial region of the microphase separa-
tions of diblock copolymers, etc.#~7 The mobility of the
nitroxides labeled to random copolymers was dependent
on the composition.®> This result indicates that the
mobility of the nitroxides is sensitive to the composition
around them.

Recently, the viscoelastic properties of miscible poly-
mer blends have been the focus of study.’®-2° Some
experimental techniques (NMR,20:27:30 dielectric spec-
troscopy,516:23.3031 quasielastic neutron scattering,32
ESR,33:34 mechanical measurements,?52% etc.) provided
the evidence of thermorheological complexity, which is
defined as the failure of the empirical time—tempera-
ture superposition principle in describing system dy-
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namics. It appears that the two components maintain
their own dynamic identities even though the blend is
thermodynamically miscible. To interpret these experi-
mental results, concentration fluctuations (driven by the
thermodynamics of the blends)!%282° and a self-concen-
tration effect induced by the chain connectivity1920.24
were mainly used. Recently, Leroy et al. proposed a
model that took into account the both effects, the self-
concentration and the concentration fluctuation, and the
model agreed well with their experimental results.'®
Their model basically took the idea of an effective
concentration for a given polymer segment in the blend
and, in addition, assumed a distribution of effective
concentrations mainly due to the segmental dynamics
of a given component, the corresponding Kuhn length.
Kant et al. estimated the temperature dependence of
the both effects (the concentration fluctuation and the
self-concentration) and the size of a cooperative vol-
ume.® Since the concentration fluctuation played a
minor role in determining the mean segmental relax-
ation times of the blend components at high tempera-
tures (ca. Tq + 50 K), they concluded that the self-
concentration effect induced by the chain connectivity
provided a good description of the mean segmental
dynamics in the temperature range. The results of Leroy
et al. and Kant et al. agreed well with each other.

Siol et al. reported that the poly(cyclohexyl methacry-
late) (PCHMA) and poly(cyclohexyl acrylate) (PCHA)
were a compatible pair above 293 K (upper critical
solution temperature, UCST).3% Our calorimetric analy-
sis also provided that the PCHMA and PCHA were
mixing with each other (see Figure 2). This is the first
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study on the dynamics heterogeneity in this blend. As
described above, the mobility of the spin-labels is
influenced by the composition around them. Namely, the
effective composition and mobility around each compo-
nent in the PCHMA/PCHA blend will be probed through
motional changes of the ESR spectra of the labels. In
this paper, the local dynamic environments experienced
by the each component in the miscible PCHMA/PCHA
blend were examined by the ESR spin-label technique.

Experimental Section

Materials. Inhibitors in cyclohexyl methacrylate (CHMA,
Extra Pure Reagent, Tokyo Chemical Co., Ltd.), cyclohexyl
acrylate (CHA, Extra Pure Reagent, Kishida Chemical Co.,
Ltd.), tert-butyl methacrylate (tBMA, Extra Pure Reagent,
Tokyo Chemical Co., Ltd.), and tert-butyl acrylate (tBA, Extra
Pure Reagent, Tokyo Chemical Co., Ltd.) were adsorbed on
activate aluminum oxide (particle size 2—4 mm, Kanto Chemi-
cal Co., Inc.) and removed. Benzoyl peroxide (BPO, Reagent,
Nacalai Tesque Co., Ltd.) and 2,2,6,6-tetramethyl-4-aminopi-
peridine-1-oxyl (4-amino-TEMPO, 99%, Aldrich) were used as
received. Tetrahydrofuran (THF, Extra Pure Reagent, Nacalai
Tesque) were distilled under reduced pressure. Toluene and
methanol (Extra Pure Reagent) were obtained from Nacalai
Tesque and used without further purification.

Sample Synthesis and Selective Spin-Labeling. Poly-
(CHMA-random-tBMA) and poly(CHA-random-tBA) were po-
lymerized by radical polymerization initiated by BPO. The
polymerization was carried out in a vacuum condition at 363
K. The initial molar compositions of tBMA and tBA were 1
mol % against the CHMA and CHA, respectively. As a result,
some tert-butyl moieties were randomly incorporated into the
PCHMA and PCHA chains. The reaction mixture was dis-
solved into toluene and precipitated into excess methanol.
After a filtration, the samples were dried in a vacuum at 343
K for 24 h. For spin-labeling, an amide—ester interchange
reaction between the tert-butyl moiety and 4-amino-TEMPO
was carried out in toluene at 283 K for 4 days. The spin-labeled
PCHMA and PCHA were precipitated from toluene solution
to excess methanol, filtered to remove a large amount of
unreacted spin-label reagents, and finally dried in a vacuum
at 393 K for 24 h. This precipitation was repeated more than
four times to completely remove the unreacted spin-label
reagents. The chemical structures of the spin-labeled PCHMA
and PCHA are shown in Figure 1.

The random copolymerizations of the CHMA and CHA with
various compositions were carried out using the BPO as an
initiator in a vacuum condition at 363 K. 1 mol % of the tBA
was added to the reaction mixture before the copolymerization,
and some tert-butyl moieties were randomly incorporated into
a poly(CHMA-random-CHA) chain. The spin-label and puri-
fication were carried out as described above. Compositions of
the poly(CHMA-random-CHA)s were determined by nuclear
magnetic resonance (NMR).

The number-averaged molecular weight (M) and its dis-
tribution (My/M,) of the all samples were determined by gel
permeation chromatography (GPC) using PS standards (Tosoh).
The My's and Mw/My’s of the PCHMA and PCHA were 150K
and 2.7 and 22K and 6.9, respectively.

Preparation of Blend Samples. PCHMA/PCHA blend
samples were prepared as follows. First, PCHMA and PCHA
were dissolved in THF to make 10 wt % solution and mixed
with each other. The mixed solution was dried on a Teflon
plate at 313 K. After the films were dried for 2 days, the films
were annealed in a vacuum at 413 K for 24 h.

Measurement. GPC was carried out with following condi-
tion: in THF (1 mL/min) at 313 K on four polystyrene gel
columns (Tosoh TSK gel GMH (beads size is 7 um), G4000H,
G2000H, and G1000H (5 um)) that were connected to a Tosoh
CCPE (Tosoh) pump and an ERC-7522 RI refractive index
detector (ERMA Inc.). The columns were calibrated against
standard PS (Tosoh) samples.
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Figure 1. Chemical structures of spin-labeled PCHMA (top)
and PCHA (bottom).

NMR was performed on a Bruker AVANCE 200 spectrom-
eter using deuterated chloroform at 298 K with tetramethyl-
silane as an internal reference.

Each sample was contained in a quartz tube, and the tube
was depressurized to a pressure of 10~ Torr and sealed before
ESR measurement. ESR spectra at 77 K and higher temper-
atures were observed at low microwave power level to avoid
power saturation and with 100 kHz fielded modulation using
JEOL JES-FE3XG and JES-RE1XG spectrometers (X band)
coupled to microcomputers (NEC PC-9801). The signal of 1,1-
diphenyl-2-picrylhydrazyl (DPPH) was used as a g tensor
standard. The magnetic field was calibrated with the well-
known splitting constants of Mn?*.

Differential scanning calorimetry (DSC, MDSC 2920) manu-
factured by TA Instruments was used. Samples were heated
from a room temperature to ca. Tq + 100 K at a rate of 20
K/min, kept for 5 min, and cooled at a rate of 10 K/min. The
data collection was carried out on the cooling process. The
calorimeter was calibrated with an indium standard.

Results and Discussion

1. Broad Single Glass Transition of PCHMA/
PCHA Blends in DSC Measurement. DSC traces of
the PCHMA/PCHA blends on the cooling at a rate of
10 K/min are shown in Figure 2b. All PCHMA/PCHA
blends with different compositions showed single glass
transitions. This demonstrates that the compatible
mixing of the both components in the molecular order.
The DSC traces of the heating process of the blend also
showed the single glass transitions. The Ty was taken
to be the midpoint, i.e., the temperature corresponding
to half of the endothermic shift, and included +2 K of
experimental errors. The T of the PCHMA/PCHA blend
was plotted against the weight fraction of PCHA com-
ponent (¢pcHa) in Figure 2a. The T4 of the PCHMA/
PCHA blend was fitted well by the Gordon—Taylor
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Figure 2. (a) Plots of T4 of PCHMA, PCHA, and blends as a

function of ¢pcua. The solid curve is presented by the Gordon—

Taylor equation with K = 0.5. (b) DSC traces.
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Figure 3. (a) Plots of Ty, (solid) and T4 (0pen) against ¢pcra.

(b) Plots of ATy against ¢pcHa. The definitions of Tg;, Tge, and

ATy are shown in the figure.

equation. The Gordon—Taylor equation is given by36

Ty = (TgpcraPrcra T KTgpchmall — dpcha))
(¢PCHA +K(1 — ¢PCHA)) (1)

where TgpcHa and Tgpchma are the glass transition
temperatures of the PCHA and PCHMA homopolymers,
respectively. K is a fitting parameter to be 0.5 for the
PCHMA/PCHA blend. The K smaller than unity implies
a weak interaction between the PCHMA and PCHA
chains.

The broadness of the glass transitions (ATg), Tg,i, and
Ty Of both homopolymers and PCHMA/PCHA blends
were plotted as a function of the ¢pcna in Figure 3. The
ATy, Tg,i, and Tge were defined as shown in the figure.
The blending increased the ATg. This implies that the
distributions of the 7. of the a relaxation process in the
samples increased with an increase in heterogeneity of
the segmental concentration. The highest value of the
ATg was observed around ¢pcha = 0.5. It is interesting
that the ATy's of the PCHMA/PCHA blends with the
major component of the PCHMA are larger than those
of the PCHMA/PCHA blends with major components of
the PCHA. Lodge and McLeish showed the simulated
DSC traces based on the self-concentration induced by
the chain connectivity, when it was assumed that the
calorimetric Ty reflects the different local environments
between the samples.?* They insisted that the glass
transitions of miscible blends are broader than those of
the pure components, and the glass transition of a 25:
75 blend is broader than a 75:25 blend of the same
components (the lower T4 component listed first). Our
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Figure 4. (a) Plots of AT, of PCHMA, PCHA, and poly-
(CHMA-random-CHA) as a function of ¢pcha. (b) Plots of Ty
as a function of ¢ecra. The curve is presented by the Gordon—
Taylor equation with K = 0.5. (c) DSC traces.

experimental result is in good agreement with the
calculation by Lodge and McLeish. This might imply
that the PCHMA and PCHA had different dynamics
induced by the self-concentration effect in the blend, and
the difference of the mobility between the PCHMA and
PCHA might be large when the PCHMA was the major
component. Not only our DSC results but also that of
other authors showed the same behavior.20:37

The poly(CHMA-random-CHA) showed a single glass
transition on the DSC trace (Figure 4c) due to the
random distribution of the CHMA and CHA units along
the chain. The Ty's of the PCHMA, PCHA, and poly-
(CHMA-random-CHA) were plotted against the weight
fraction of the ¢pcna in Figure 4b. The composition-
dependent T4 of the poly(CHMA-random-CHA) is also
fitted with the eq 1 using the parameter K of 0.5. The
K'’s of the miscible polymer blend and random copolymer
are sometimes different due to the different sequence
of the monomeric units in the chain.3® However, the K's
of the PCHMA/PCHA blend and poly(CHMA-random-
CHA) were the same value. Factors determining T4 of
the random copolymer can be considered to be compat-
ible with those of the blend. In contrast with the obvious
increase in the ATy induced by blending of the PCHMA/
PCHA, the ATy of the poly(CHMA-random-CHA) is
almost unchanged in comparison with those of the
PCHMA and PCHA homopolymers. This is considered
to indicate that local heterogeneity in the random
copolymer is smaller than that in the blend because the
random sequence of the CHMA and CHA units gives
no self-concentration effect.

2. Estimation of Dynamic Heterogeneity in Mis-
cible Blend by the Spin-Label Technique. 2.1.
Molecular Mobility of PCHMA, PCHA, and Poly-
(CHMA-random-CHA). Temperature-dependent ESR
spectra of the spin-labeled PCHMA and PCHA ho-
mopolymers and poly(CHMA-random-CHA) (¢pcra =
0.48) are compared in the range 77—450 K (Figure 5).
The temperature dependence of the spectra is brought
from changes of the 7. of the spin-labels. The outermost
splitting width of main triplet spectrum induced by
hyperfine coupling of the nitrogen nucleus narrows with
an increase in mobility of the radicals because of
motional averaging of the anisotropic interaction be-
tween an electron and the nucleus. The complete
averaging gives rise to the isotropic narrowed spectrum.
The isotropic narrowed spectrum was not observed for
the PCHMA in this temperature range because of the
high viscosity.
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Figure 5. Comparison of temperature-dependent ESR spectra
of spin-labeled PCHA (left), PCHMA (center), and poly(CHMA-
random-CHA) (¢pcna = 0.48) (right). Separation between
arrows shows extreme separation width.

The superposition of two spectral components, a “first”
and a “slow” component, was observed for a certain
temperature range of the ESR spectra of the PCHA. The
slow component with large outermost splitting width
and the fast component with small outermost splitting
width and narrow line width are considered be at-
tributed to radicals in rigid and mobile regions, respec-
tively. On the other hand, the spectra comprising two
components were not observed for the ESR spectra of
the PCHMA and poly(CHMA-random-CHA). Typically,
the two spectral components are observed for some
semicrystalline polymers, immiscible polymer blends,
block and graft copolymers, etc.,2356.1239744 gnd those
are not observed for amorphous homopolymers*? and
random copolymers.® It is considered that the two
spectral components are the reflection of the heteroge-
neity of the 7. of the spin-labels. It is hard to estimate
the 7. distribution from only the line shape of the ESR
spectrum because not only a bimodal distribution but
also a broad continuous distribution of the 7. around the
labels brings the two spectral components.*> However,
the mobility of the spin-labels reflected the glass transi-
tion of the PCHA (discussed below), and glass transi-
tions of homopolymers are generally continuous. There-
fore, we consider that the broad continuous distribution
of the 7 is the cause of the two spectral components of
the PCHA.

A temperature dependence of the extreme separation
width between arrows in Figure 5 is shown in Figure
6. The extreme separation width gradually decreases
and steeply drops with an increase in temperature. A
micro-Brownian-type molecular motion is considered to
be the cause of the steep drop.4746748 T5 g1, at which
the extreme separation width is equal to 5.0 mT, was
estimated as a transition temperature of the molecular
motion. The Tsomt's of the PCHMA, PCHA, and poly-
(CHMA-random-CHA) are 428, 379, and 393 K, respec-
tively. The Tsomt includes an experimental uncertainty
of +£2.5 K. The Tsomt appears at higher temperature
than the Ty of the samples determined by the DSC
because of a high frequency of the ESR.4746-48 Recently,
we estimated the difference between the Tsomt and Ty
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of polystyrene (PS) and poly(methyl methacrylate)
(PMMA) in detail using the time—temperature super-
position, and it was found that the Tsont reflected the
glass transition of the host polymers.*” The Williams—
Landel—Ferry (WLF) equation is the successful rela-
tionship of temperature dependence for the viscoelastic
response of polymers.*°

log a; = log(z (T)/T (Ty)) =
—C(T=T(C, + T =Ty (2)

where ar is called the shift factor, 7 is a relaxation time,
Ty is the chosen reference temperature, and C; and C,
are constants. When Ty is chosen to be Ty, the constants
Cq9 and Cy9 are universal values of 17.44 and 51.6,
respectively. The relaxation times of 7 x 1079 s and
100 s5-52 were substituted in 7(T) and 7(Ty), respectively.
The AT (= Tsomt — Tg) Was calculated to be 72 K from
eq 2. On the other hand, AT obtained from the experi-
ments was 58 and 83 K for the PCHMA and PCHA
homopolymers, respectively. These experimental AT'’s
are in good agreement with the calculated one. The
differences between the experimental and calculated
AT's are considered to be caused by the ambiguity of
the C; and C; in the WLF equation. Anyhow, the
experimental AT was explained well by the time—
temperature superposition. Here, note that the spin-
label used in this work is connected to the side group.
However, the size of the spin-label is comparable with
those of the CHMA and CHA repeat units. It is well-
known that the cooperative motion with neighboring
segments is necessary for the glass transition.53-55
Therefore, the spin-labels move cooperatively with the
repeat units of the host polymers in the bulk. As a
consequence, it is considered that the motion of the spin-
labels reflects the glass transition of the host polymer.

2.2. Influence of Poly(CHMA-random-CHA) Com-
position on the Mobility of Spin-Labels. The Tsont's
of the poly(CHMA-random-CHA)s were plotted as a
function of the CHA weight fraction, ¢pcua, in Figure
7a. The ESR spectra of the PCHMA, PCHA, and poly-
(CHMA-random-CHA)s observed at 417 K are shown
in Figure 7b. Typically, the ESR spectra of the poly-
(CHMA-random-CHA) showed a single component.
However, the temperature-dependent ESR spectra of
the poly(CHMA-random-CHA) with ¢pcya = 0.86 dem-
onstrated two spectral components. The spectrum com-
prising two components seemed to be observed at high
¢pcha as observed in PCHA homopolymer. Since the
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Figure 8. Temperature-dependent ESR spectra of spin-
labeled PCHA (left) and PCHMA (right) in the blend with
¢pcna = 0.1 (@) and 0.5 (b), respectively.

Ts.omt reflects the glass transition of host polymers, the
Gordon—Taylor equation should be reasonable to fit the
plots in Figure 7a using the parameter K of 0.4. The
composition-dependent Tsont Was fitted well with the
Gordon—Taylor equation as well as the Ty of the poly-
(CHMA-random-CHA). This is one of the evidences
which the Tsomt reflects the glass transition of the host
polymer. This result demonstrates that the mobility of
the spin-label is dependent on the composition around
the label. The same behaviors were observed for the
spin-labeled poly(styrene-random-methyl acrylate) and
poly(styrene-random-ethyl acrylate) despite the ESR
and DSC measurements.®

2.3. Segmental Dynamics of the PCHMA and
PCHA in the Blend. To estimate the segmental
mobilities of the PCHMA and PCHA chains in the blend
by the spin-label technique, the “spin-labeled PCHMA”/
PCHA and PCHMA/“spin-labeled PCHA” blends which
had the same composition were prepared, respectively.
Temperature-dependent ESR spectra of the spin-labeled
PCHMA and PCHA in the blends (¢pcna = 0.1 (a) and
0.5 (b)) were compared in Figure 8. It is interesting that
the two spectral components were observed for the
temperature-dependent ESR spectra of the PCHA ho-
mopolymer (Figure 5), but the ESR spectra of the spin-
labeled PCHA in the blends showed a single spectral
component. This implies that the dilution of CHA units
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around the spin-labels in the blend. Recently, we
examined dynamic heterogeneities in the interfacial
regions of microphase separations of polystyrene-block-
poly(methyl acrylate) (PS-block-PMA) and polystyrene-
block-poly(ethyl acrylate) (PS-block-PEA) using the ESR
spin-label technique.>8 In the previous work, the junc-
tion points of the block copolymers were spin-labeled,
and the spin-labels were concentrated in the interfacial
region of the microphase separations. The mobility of
the spin-labels in the interfacial region was almost the
mean of those of the both components. In addition, the
temperature-dependent ESR spectra of the labels showed
two spectral components. We concluded that the two
spectral components were brought from a broad distri-
bution of the 7. induced by the gradient of the segmental
concentration in the interfacial region. In the present
work, the separated mobilities of the PCHMA and
PCHA chains in the blend were observed even in the
miscible blend. However, their ESR spectra showed a
single spectral component; namely, the dynamic het-
erogeneity in the PCHMA/PCHA blend is smaller than
those in the interfacial regions of the microphase-
separated PS-block-PMA and PS-block-PEA.

The molecular mobilities of the PCHMA and PCHA
in the blend with the ¢pcya 0f 0.5 were obviously higher
than those in the blend with the ¢pcya 0f 0.1. This result
is brought from the depression of the overall Ty of the
PCHMA/PCHA blend owing to the increase in the ¢pcpa.
Even though the PCHMA/PCHA blends showed the
single glass transitions in the DSC measurements, the
different molecular mobilities of the PCHMA and PCHA
chains in the blend were detected by the spin-label
technique. This is the direct observation of the dynamic
heterogeneity in the PCHMA/PCHA blend. The different
segmental mobility for each component was detected for
another miscible polymer blends.13-2° In general, the
different segmental mobility for each component has
been observed for miscible polymer pairs having a
dynamic heterogeneity; i.e., a large difference in their
Ty's and the interaction between the components is
weak. For example, the blend systems of polyisoprene/
poly(vinylethylene), polystyrene/poly(vinyl methyl ether),
polystyrene/poly(phenylene oxide), etc., were reported.
As mentioned above, the PCHMA and PCHA also have
large difference in the Ty's (ca. 70 K), and the interaction
is considered to be weak with each other (see Figure 2).

The individual motional transition temperatures,
TsomT'S, of the PCHMA (TS.OmT,PCHMA) and PCHA
(Ts.omt,pcHa) chains in the PCHMA/PCHA blend were
plotted against the ¢pcna in Figure 9. The individual
chain dynamics of each component was detected in any
compositions. As mentioned above, it is considered that
the spin-labels are meshed with neighboring monomeric
units in the bulk, and as a result, they move coopera-
tively with the neighboring units. Therefore, the motion
of the spin-labels reflects the segmental mobility around
them.*7 As shown in Figure 7, the mobility of the spin-
labels is strongly influenced by the composition around
the labels.> Thus, we consider that the “effective”
compositions around the labels attached to the PCHMA
and PCHA chains are different in the blend, and this is
the main cause of the different mobilities of the PCHMA
and PCHA in the blend.

Leroy et al. showed that the mean segmental dynam-
ics of each component in miscible polymer blends was
explained well by the idea of the self-concentration effect
proposed by Lodge and McLeish at least for tempera-
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Figure 9. Plots of TS.OmT, PCHMA (open) and TS.OmT, PCHA (SOlld)
against ¢pcra. Broken and dotted curves are Tgfng’PCHMA and

Tgfng,PCHA calculated by the Lodge—McLeish model. The
solid curve is presented by the Gordon—Taylor equation with
K =04

tures above the Tg's of the components.'® They bolstered
Lodge’s idea that the cooperative volume above the glass
transition is comparable to the cube of the Kuhn length.
Recently, He et al. critically compared literature data
for the average segmental or terminal dynamics of
components in six different miscible polymer blends to
the miscible blend dynamics predicted by the Lodge—
McLeish model. They showed that the model success-
fully fitted the experimental data for a given component
with a parameter ¢s, which was independent of tem-
perature and composition in most cases.>® Kant et al.
estimated the temperature dependence on the coopera-
tive volume size in polymer blends from the experimen-
tal 7. data.’® They showed that the concentration
fluctuation effect on the segmental dynamics became
small quickly with an increase in temperature. On the
other hand, the temperature dependence of the self-
concentration effect brought from the chain connectivity
was extremely small. They suggested that the Lodge—
McLeish model was reasonable to explain the mean
segmental dynamics of each component in the blend at
high temperatures.?* However, they proposed that the
effect of the concentration fluctuation on the mean
segmental dynamics should be considered below the Ty's
of the homopolymers of each component. Anyhow, they
concluded that the self-concentration effect provided a
good description of the mean segmental dynamics at
high temperatures.

The Tsomt reflects the mean mobility of the spin-
labels, and it is ca. 70 K higher than the T4 due to the
high frequency of the ESR. Therefore, the effect of the
concentration fluctuation on the TsomT iS considered to
be extremely small.’316 The concept of “effective con-
centration” was first proposed by Chung et al.?° In a
miscible polymer blend of polymer A and B, chain
connectivity imposes that the local environment of a
segment of polymer A is (on average) necessarily richer
in polymer A compared to the bulk composition. The
effective local concentration sensed by a polymer seg-
ment is thus given by

¢eff = ¢s + (1 - ¢s)¢ (3)

Here, ¢s is the “self-concentration” of the considered
polymer segment. Lodge and McLeish suggested the
way of calculating ¢s.2* Their idea is that the length
scale relevant to the monomeric friction factor should
be of the same order as the Kuhn length, I«. In their
model, it is assumed that the relaxation of the Kuhn
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segment is influenced by the concentration of monomers
within a volume V = I 3. The ¢s is calculated as the
volume fraction occupied by a Kuhn length’s worth of
monomers inside V:

¢, = C_Mg/kpN_V 4)

where Mo is the molar mass of the repeat unit, Nay is
the Avogadro number, k is the number of backbone
bonds per repeat unit, p is the density, and C. is the
characteristic ratio. Lodge and McLeish proposed to
calculate the “effective” glass transition temperature,
Tgﬁ, from the effective concentration as

T5() = To(@)l s, (5)

where Tgy(¢) corresponds to the macroscopic glass transi-
tion temperature of the blend of average concentration
¢. In our case, we assumed the “effective” motional

e eff .
transition temperature, T¢ .7, as follows:

Tt (@) = Ts0m1(®)l 5=, (6)

We calculated the evolution of the TET _ of the PCH-
MA and PCHA following the same procedure as Lodge
and McLeish, i.e., by combining egs 1, 3, and 6.

For example, the TS _— of the PCHA component

(Tgﬁ)mT,PCHA) is given by

ff
TE.OmT, PCHA — (T5.0mT,1¢eff,PCHA + KTS.OmT,Z(l -
d)eff,PCHA))/ (¢eff,PCHA + K(l - ¢eff,PCHA)) (7)

where Tsomt1 and Tsomt2 are the Tsomt of the PCHA
and PCHMA homopolymers, respectively. ¢eftpcra is the
effective concentration of the PCHA component calcu-
lated using eq 3. The self-concentration, ¢s, of the
PCHMA and PCHA are calculated to be ca. 0.41 and
0.21, respectively.5758

The TE0urpcima @Nd Tegmrpcua Predicted by the
Lodge—McLeish model were presented as broken and
dotted lines in Figure 9, respectively. Here, the K in eq
7 is substituted to be 0.4. The predicted Tg ot pcima
is in excellent agreement with the experimental
Ts.omTpcHma. This agreement implies that the scale of
the region explored by the label is comparable to the
control volume size, V = I3, suggested by Lodge and
McLeish when it is assumed that the mobility of the
spin-labels is controlled by only “effective” composition
around the labels. Previously, the cooperative volume
of PMMA explored by the spin-labels was estimated to
be ca. 1.0 nm3.” On the other hand, the V of the PMMA
by the Lodge—McLeish assumption is calculated to be
ca. 2.6 nms3.2* We consider that these values are almost
comparable with each other.

The Lodge—McLeish model qualitatively captured the
feature of the Tsomt,pcHa. HOwever, the experimental
TsomTpcHa Was slightly higher than the TE%mTYPCHA
predicted by the Lodge—McLeish model. One of the
causes of this slight disagreement may be related to the
approximate parameters used to calculate the ¢s and
the simplification of the Lodge—McLeish model. The
motion of the nitroxides labeled to the PCHA might be
restricted by the rigid PCHMA component in the blend
although the cause of this manner is unknown. Using
the ESR spin-label technique, the mobility of mobile
poly(acrylate)s in multicomponents systems is often
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estimated to be somewhat lower than expected one. In
our previous paper, segmental dynamics of both com-
ponents in microphase separation of PS-block-PMA was
estimated by the spin-label technique and DSC.> The
Ty's of the PS and PMA components in the PS-block-
PMA were comparable to those of PS and PMA ho-
mopolymers, respectively, and the Tsomt of the PS
component in the PS-block-PMA was almost same with
that of the PS homopolymer. On the other hand, the
Ts.omt Of the PMA component was obviously higher than
that of the PMA homopolymer. This result concluded
that the mobility of the PMA chain was strongly
restricted by the rigid PS component. This can be
thought of the similar behavior of spin-labeled PCHA
in this study. The understanding for this feature
detected by the spin-label technique is of essential
importance; however, it is still difficult because of the
lack of study on mobility of spin-labeled polyacrylates.

Conclusion

The different segmental dynamics of the PCHMA and
PCHA chains in the blend were detected by the spin-
label technique even though the thermodynamically
miscible blend was indicated by the DSC measurement.
The Tsomt showed the similar composition dependence
of the poly(CHMA-random-CHA) with the T4 This
indicated that the mobility of the spin-label was sensi-
tive to the composition around the label. The Tsomt Was
ca. 70 K higher than the Ty because of the high
frequency of the ESR. The self-concentration model
suggested by Lodge and McLeish was available for
prediction of the mean segmental mobility of the PCH-
MA and PCHA chains in the blend detected by the spin-
label. The Lodge—McLeish model provided the qualita-
tive feature for the Tsomt pcra although the experimental
values were slightly higher than the calculated ones.
On the other hand, the T‘;f{)mT,PCHMA predicted by the
Lodge—McLeish model quantitatively agreed with the
experimental Tsomt.pcuva. These results implied that
the region explored by the spin-label was comparable
to the control volume V = I 2. This result was supported
by our previous work about the size of the cooperative
volume in PMMA estimated by the ESR method. As a
conclusion, the specific segmental dynamics of the
PCHMA and PCHA in the blend was detected by the
ESR spin-label technique. The motion of the spin-labels
sensitively reflected the local dynamic environment
around them.
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